The incidence of root rot diseases partly contribute to the currently observed low percentage increase in the yield of cassava. We estimated gene diversities and identified putative hybridizing parents for root rot resistance using 18 simple sequence repeats loci in 43 improved genotypes of cassava. Root rot was measured over 2 years as the percentage proportion of rotten roots to the total number of roots harvested at 12 month after planting. Estimated rot ranged from 1.2 to 21.2% with a mean of 5.7±0.5. Rank-sum analysis generated 8 rot classes and identified TMS 96/1089A as best genotype resistant to root rot. Gene diversity analysis revealed expected heterozygosity that ranged from 0.701 for very highly susceptible genotypes to 0.781 for moderately resistant and susceptible. Genetic differentiation ranged from -0.0178 (resistant and susceptible) to 0.0523 (very highly resistant and highly resistant genotypes). A total heterozygosity of 0.764 was estimated and was largely due to within class diversity (0.755). DNA analysis representatives for window (DARwin) identified 10 hybridizing groups with a dissimilarity coefficient that ranged from 0.18 to 0.81 on a mean of 0.60. The results obtained from the present study are useful for the genetic improvement of cassava against root rot disease.
INTRODUCTION
Cassava, Manihot esculenta Crantz, is the main starchy staple of the lowland tropics that has recently gained global popularity because of its combined food, feed, fiber, and bio-fuel traits. It is therefore targeted for the reduction of food insecurity and poverty in Africa. Cassava production in Africa increased tremendously from 81.2 million tonnes in 1995 to 117.449 million *Corresponding author. E-mail: kmoyib@hotmail.com or okmoyib@gmail.com. Tel: +234 818 8464 072. tonnes in 2006 (FAO, 1995 (FAO, , 2006 . This increased production could be attributed to the adoption of improved cultivars developed in International Institute of Tropical Agriculture (IITA) Ibadan combined with the introduction of good farming practices to the farmers. However, cassava production in Africa has little increased in recent years over what it was in 2006 to an estimate of 126.627 million tonnes in 2010 (FAO, 2006 (FAO, -2010 . The currently observed stagnation in production might be attributed partly to stresses such as postharvest deterioration (physiologic or pathogenic) and disease (mosaic disease, bacterial blight, anthracnose, and more Int. J. Biotechnol. Mol. Biol. Res. recently root rot) prevalent in the producing regions.
Cassava root rot is becoming a very important disease of cassava and was first discovered in West Africa by Mskita et al. (1998) . It was reported to cause about 20 to 80% yield loss (Mskita et al., 2005) . Aigbe and Remison (2010) reported that the starch content and quality of garri decreased with increasing incidence or severity of root rot among assessed varieties of cassava. Reported causes of cassava root rot diseases are water logged or flooded soils and microorganisms (fungi and bacteria) that are hydrophilic.
Lately, a large parasitic mushroom (Polyporus sulphureus) has been found to be causing severe root rot of cassava in some parts of Ghana and is capable of causing 100% yield loss in susceptible cultivars (Moses et al., 2005) . Commonly reported symptoms associated with cassava root rot are brown and wilting plants defoliation, shoot or stem dieback. The major observation is at the harvest: the roots are swollen, soft, give out an offensive odour and often discoloured when cut. The use of resistant or tolerant cultivars has been listed among the measures to control cassava root rot (Moses et al., 2005) . Therefore, efforts are geared towards evaluating and screening cassava germplasm for root rot to identify resistant or tolerant varieties (Onyeka et al., 2006; Okechukwu et al., 2009 ) that can be used as parents for the crop's genetic improvement.
Molecular marker biotechnology has proven useful and substantial in complementing conventional breeding over the years, especially for disease resistance and high yield in cassava (Fregene and Puonti-Kaerlas, 2005) . Genomic tools such as genetic diversity studies either in revealing the genetic relatedness for broadening gene pools, genotype identification, or the elimination of redundancy/duplicates are crucial for any breeding objective in cassava genetic improvement. Molecular markers that are polymerase chain reaction-based are routinely used for genetic diversity studies in crops (Tautz, 1989; Williams et al., 1990) . Simple sequence repeat markers (SSR) are preferred in cassava genomics because of their co-dominancy, reproducibility, and unambiguous data, and also, they are cheap and easy to use. SSR markers have been used over the years for genomics analyses in cassava which ranged from dissecting genetic relatedness, and molecular mapping, to marker-assisted selection (Mba et al., 2001; Fregene at al., 2003; Okogbenin et al., 2006; Moyib et al., 2007; Siqueira et al., 2009) .
We, therefore, sought to employ SSR markers to evaluate the gene diversity parameters such as heterozygosity and genetic differentiation and also to identify putative parents with which hybridization and introgression of useful genes for root rot resistance is possible among the improved genotypes of cassava that are bred for disease resistances. This study is expected to enhance the molecular breeding of a large number of new cassava varieties that are resistant or tolerant to root rot diseases. Therefore, the study offers measurable benefits in improving the livelihood of cassava farmers in rural areas and also increasing cassava productivity in Africa.
MATERIALS AND METHODS

Plant materials
This study was conducted in 2004/2005, 2005/2006 and 2006/2007 at the research farm of IITA-Ibadan, Nigeria with an average annual rainfall of 1305 mm; an altitude of 243 m; mean annual temperature of 20 to 34°C; coordinates 7°31' N; 3°54' E; and ferric luvisol soil. The 43 improved genotypes of cassava developed at IITA for disease resistance and high yielding were used. The experimental design was a randomized complete block in four replications under rain-fed conditions. Mature stem cuttings of 0.25 m long of 43 genotypes were planted on plots of six ridges at a spacing of 1 m between ridges and 1 m within ridges. A ridge was 6 m long and 0.3 m wide, so each plot contained 36 plants. Pre-emergence herbicide as recommended (1% gramozone at 4 L/ha) and hand weeding were used to control weeds.
Evaluation of root rot disease
Data on root rot diseases were collected from 4 inner ridges on 36 plants at 12 month after planting (MAP). Root rot was measured as the percentage proportion of rotten roots to the total number of roots harvested that is,
where Root rot = Rootrot, NRtRs = Number of rotten roots, TNRs = Total number of roots harvested). The estimated data for root rot diseases were analyzed for precision measures using Statistical system of analysis software (SAS, 2002) .
Grouping of genotypes into root rot resistant classes
Rank-sum procedure in SAS was used to group the 43 genotypes into different phenotypic classes for root rot resistance. Rank-sum first assigned rank 
were calculated for the ranking. The estimated stzdmean is then used to generate the classes among the genotypes using the following synthax as used in the rank-sum procedure: If the standardized mean is < = -3, then the class is 'very highly resistant' (VHR); otherwise, if it is < -3 but <= -2, the class is 'highly resistant' (HR); if it is <-2 but <=-1, the class is 'resistant' (R); if it is < -1 but < 0' it is 'moderately resistant' (MR); if it is <= 0 but < 1, then it is 'moderately susceptible' (MS); if it is <= 1 but <2, then the class is 'susceptible' (S); if it is <=2 but <3, it is 'highly susceptible' (HS). If the standardized mean is >=3, the class is 'very highly susceptible' (VHS).
SSR analysis
Genomic DNA was isolated using modified Dellaporta et al. (1983) for DNA mini-preparation. Eighteen SSR markers were used to amplify genomic DNA from the 43 genotypes of cassava evaluated for rot resistance. The amplified products were separated on 6% polyacrylamide gel electrophoresis using silver staining for visualization. The DNA bands were scored as 1 for the presence of a DNA band and 0 for the absence of a DNA band. The raw single data was transformed into bi-allelic data and analyzed using Fstatistics (FSTAT) version 2.9.3.2 software package (Goudet, 2002) for F-statistics such as mean number of alleles (Ậ), mean allelic richness (ẬR), and percentage of polymorphic loci (P%) and also for gene diversity estimators, heterozygosity (He) such as expected heterosygosity (Ĥe), observed heterozygosity (HO), within class heterozygosity (HS), among class heterozygosity (DST), total heterozygosity (HT), and proportion of among class heterozygosity (GST) according to Nei (1978) and genetic differentiation based on fixation index (FST, theta) estimation over allele, locus and population as described by Weir and Cockerham (1984) . Pairwise values of FST between rot classes were also estimated and the matrix was analyzed by cluster analysis using unweighted pairgroup method of arithmetic in numeric taxonomy system of statistics (NTSYS) software package (Roulph, 2000) . The single molecular data of SSR markers and the rank-sum of the genotypes were subjected to cluster analysis for the identification of genotypic groups with which easy hybridization is possible so as to generate large number of new varieties with possible root rot resistance among the genotypes using DARwin software package (Perrier and Jacquemoud-Collet, 2006) .
RESULTS
Variation and ranking of rot among cassava genotypes
The harvested TNRs ranged from 5.00 -139.00 with a mean of 63.36±1.33 and NR t Rs ranged from 0 -16 with a mean of 2.72±0.18. The mean TNRs and NR t Rs at 12 MAP varied very highly significantly among the 43 genotypes of cassava studied (CV = 135.4). The estimated rot ranged from 0.0 to 90.9% with a mean of 5.7±0.5%. The estimated mean rot among genotypes ranged from 1.2±1.0% for TMS 96/1089A to 21.2±12.0% for TMS 92/0067 with an average of 5.71±0.48%. Based on the rank-sum procedure used, 8 classes of rot resistance were generated among the 43 genotypes with 3 genotypes, each, in VHR and VHS class and there were 7 HR, 6 H, 6 MR, 6 MS, 7S, and 5 HS, among the 43 genotypes ( Figure 1 ). The 3 genotypes in the VHR were TMS 96/1089A (mean rot of 1.2±1.0%, 97/4779 (1.4±0.7%), and 94/0561 (1.5±0.8%) and were identified as the best three genotypes for rot resistance; and VHS genotypes were TMS 99/6012 (17.5 ±12.4), 94/0026 (19.1±6.5), and 92/0067 (21.2 ±12.0%). The descriptive statistics and rank-sum analysis for the classes of rot among the 43 genotypes are given in Table 1 .
Gene diversity and identification of putative hybridizing parents for root rot resistance
A total number of 102 alleles were amplified from the genome of the 43 improved genotypes of cassava using 18 SSR loci, the profile pattern among the 43 cassava clones by SSRY101 is shown in Figure 2 . F-statistics analysis results for rot classes showed an estimated Ậ (Table 2) . A total of 3 private alleles were detected from 3 loci within 3 classes, allele 3, from SSRY12 for VHR class; 3, SSRY101 for HS; and also 3, SSRY177 for R. Genetic differentiation (F ST ) distance by Weir and Cockerham (1984) estimation between pairs of rot class ranged from -0.0178 between R and S to 0.0523 for VHR and HR with a mean of 0.0119. NTSYS generated 7 clusters among the 8 classes of rot with HR and VHS in the same group (Figure 3) . The F-statistics for 18 SSR loci had Ậ that ranged from 4 for SSRY182 to 7 for SSRY69 and 164 with an average of 5.63; AR ranged from 1.701 for SSRY175 to 1.817 for SSRY108 with a mean of 1.764; and Ĥe ranged from 0.681 for SSRY49 to 0.835 for SSRY164. For genetic diversity estimators, H O ranged from 0.699 for SSRY4 and 175 to 1.000 for SSRY5, 45, 52, 61, and NS158 with a mean of 0.910; H T , 0.700 for SSRY175 to 0.818 for SSRY164 with a mean of 0.764; H S within rot class ranged from 0.680 for SSRY49 to 0.830 for SSRY164, an average of 0.755; and D ST between class ranged from -0.008 for SSRY79 to 0.083 for SSRY64 with a mean of 0.009; and contributed a proportion of G ST that ranged from -0.001 for SSRY69 to 0.104 for SSRY64 on an average of 0.012. Genetic differentiation estimator, F ST (theta) over allele ranged from -0.103 for allele 5 SSRY12 to 0.255 for allele 3 SSRY49; over locus ranged from -0.034 for SSRY12 to 0.092 for SSRY49 with an overall mean of 0.011; and using jackknifing method, over locus was (-0.033 ±0.013) for SSRY12 to 0.098±0.064 for SSRY49 with an overall mean of 0.011±0.008 (Table 3) .
DARwin analysis based on Jaccard-weightedneighbour-joining gave a dissimilarity matrix with a coefficient that ranged from 0.18 to 0.81 with a mean of 0.60 and generated a tree that revealed 4 main clusters with sub-clusters that made up a total of 10 clusters of HZG. The first HZG (HZG1) consisted of 4 genotypes (2 VHR and 2 R); HZG2 also had 4 (1 HR, 2 R and 1 S); HZG3, 4, with one genotype each in HR, MR, MS, and S classes; HZG4 had 2 that belong to MS class, only; HZG5, 3, 2 MR and 1 S; HZG6, 5, 2 HR, 1 MR, and 2 MS; HZG7, 3, 1 HR, 1 R, and 1 HS; HZG8, 6, 2 HR, 1 MR, 1 S and 2 HS; HZG9, 5, 1 VHR, 1 R, 1 MR, and 2 S; and HZG10, 7, 1 MS, 1 S, 2 HS, and 3 VHS. Some groupings were unique for a few classes such as HZG4 for MS class, HZG1 and HZG2 for genotypes with a good level of resistance (but an outlier S in HZG 2), and HZG10 for those with a high level of susceptibility with an odd MS (Figure 4) .
DISCUSSION
Variations of root rot within the cassava collection
Large variations of root rot disease have been previously detected in cassava collections, and there has been lots of documented work on the pathogens and their characterization. Onyeka et al. (2006) observed a large variation of rot response and severity among improved varieties and landraces, and so also was Okechukwu et al. (2009) among improved varieties of cassava. The present study was also able to detect a large variation of root rot severity using the percentage estimate of rotten roots to total roots harvested at 12 MAP. Rank-sum grouping identified TMS 96/1089A (mean rot of 1.2%) as the best genotype for root rot resistance among the 43 genotypes of cassava assessed. The min. mean rot value of 1.2% obtained in this study is much lower than that by Okechukwu et al. (2009) of 7.58% for TMS 97/2205 but higher than that of Aigbe and Remison (2010) of 0.00% for TMS 4(2)1425. The best genotype in the present study was not assessed by Aigbe and Remison (2010) but by Okechukwu et al. (2009) and it took 4th position with mean rot of 11.42% and belongs to R class of the six classes. This genotype recorded a 0.00% rot in 8 out of 25 zones as reported by Okechukwu et al. (2009) across Nigeria. The best genotype for rot resistances by Okechukwu et al. (2009) and Aigbe and Remison (2010) had mean rot of 2.29 (HR) and 2.90% (R), respectively, in our present study. The differences observed in these values is mainly the result of differences in the number of location(s), which are highly influenced by G X E interactions, as explained by Egesi et al. (2007) for yield parameters and diseases in cassava breeding. Therefore, TMS 96/1089A is identified as the best for root rot resistance followed by 97/4779 and 94/0561 in agroecozones similar to the environment of IITA-Ibadan assessed in the present study and this finding is subject to further exploration. The first ten best genotypes in Table 1 are recommended for farmers around the agroecozones of IITA, Ibadan for increased productivity.
Gene diversity and identification of putative hybridizing parents using SSR markers
SSR markers have been used extensively for genetic diversity studies in cassava, either for genotypic identification or establishing genetic relationships and differentiation as a prerequisite to its molecular breeding improvement (Mba et al., 2001; Moyib et al., 2007; Siqueira et al., 2009) . Each time, SSR markers were able to provide useful information that is employable for breeding objectives. In the present study, SSR markers were used for genetic diversity and the identification of putative hybridizing parents for root rot resistance. Each of the 18 SSR markers used showed P% of within each class except SSRY182 for the VHS class, which was due to lack of amplified alleles by TMS 94/0026, one of the 3 genotypes in the class. SSR markers detected high H S within all the classes of rot with MR and S class having the highest (0.781) and the lowest diversity was observed for VHS (0.701) with a mean of 0.753. The estimated H S was observed to depend more on the nature of Ǎ, P%, ǍR, and Ĥ e of loci rather than the sample size within Mba et al., 2001 . Ậ, the mean number of alleles; AR, allelic richness; HO = observed heterozygosity; Ĥe, gene diversity; HS = within class heterozygosity; HT, total hetrozygosity; DST = among class heterozygosity; GST, proportion of among class diversity (GST = DST/HT ); FST, fixation index estimator for genetic differentiation; nd, no linkage data. classes. The mean value of Ĥe, 0.754, obtained in the present study is higher than the mean value of 0.57 obtained for collections in regions of Brazil (Siqueira et al., 2009) ; 0.477 for African landraces (Lokko et al., 2006) ; and 0.535 for African and Neotropical countries (Fregene et al., 2003) . This higher diversity obtained in the present study may be attributed to the diverse exotic sources of the 43 improved genotypes. Other studies assessed landraces that may be representative of local farmers' accessions. Furthermore, the study revealed that cassava still maintains high genetic diversity which favors production of large number of new varieties that will be resistant to prevalent biotic and abiotic stresses in targeted areas.
According to Nei's estimation, the SSR markers revealed a high observed heterozygosity (H O = 0.911) and total heterozygosity (H T = 0.764) among the genotypes used for the study. The high estimated H T was largely contributed by the diversity within the rot class (H S = 0.755), while a small proportion was due to diversity between classes (mean G ST, D ST /H T = 0.012). The percentage proportion of G ST (12%) obtained in the present study is higher than the 10% obtained by Fregene et al. (2003) but lower than 13% by Siqueira et al. (2009) . All these values are lower than expected for predominantly out-crossing crops such as cassava, according to Hamrick and Godt (1997) . The average genetic differentiation, F ST (0.011) based on Jackknifing was low and similar to the estimated G ST, 0.012, between class, which took into account variation in sample size. The lowest pairwise F ST differentiation (-0.0178) was found between S and R, while the highest (0.0523) was between VHS and HR. These values were lower than the min. (0.0076) and max. (0.2696) average F ST among regions (mean = 0.079) by Fregene et al. (2003) . The authors indicated that their maximum value was odd but expected to be higher than the present study because of the larger number of genotypes and regions they assessed. Furthermore, the lower differentiation obtained in the present study is expected because of exchange of cassava across regions and more importantly, the particular collection assessed for this study was bred for common goal (resistance to CMD).
The 18 SSR markers used were able to identify 10 HZGs among the 43 genotypes of cassava in the present study. The observed clusters were not representatives of the rot classes; therefore, each HZG is composed of genotypes that are closely related genetically and not morphologically, which would facilitate hybridization and transfer of genes among the genotypes within a cluster.
This further explains why many HZGs were having genotypes from very different classes of root rot but a few were distinct for some related classes, such as HZG1 for VHR, HR, and R; HZG10 for VHS, HS, and MS. This observed distinction might be partly caused by some of the private alleles that were unique such as allele 3 from SSRY 12 for VHR, 177 for HR and 101 for HS. However, no private allele was distinct for VHS despite the fact that all the 3 genotypes were found clustered together in HZG10. Also, none was found for MS in HZG4, though they were also found in other HZGs. The clustering of the 3 VHS genotypes in the same HZG is fully supported by the lowest heterozygosity of 0.701 observed for the class. The results indicated that there are much more contributing factors than the identified private alleles for the observed clustering in the HZG1 and HZG10, which may have nothing to do with the root rot trait. Moreover, SSR are random markers and therefore, they do not possess a strong phenotypic variability relationship with agronomic traits (Dwivedi et al., 2007) , which necessitate the need for new and large number of functional tools for Moyib et al. 55 genetic analysis in cassava. More impotantly, SSR markers generated groupings among the genotypes for root rot resistance, which would facilitate generation of large numbers of new varieties that could be resistant to diseases and pests prevalent in targeted regions among the improved genotypes assessed. The estimated low G ST and F ST between the classes would also facilitate crosses among the genotypes in the different classes of rot resistance and it is also useful for easy introgression of useful genes among them. Therefore, SSRs still remain important markers for routine evaluation of genetic diversity such as estimation of genetic variation, genotypic groupings and identification, development of core germplasm, and elimination of duplicates or domants within cassava collections and population. The findings of the present study are therefore useful for improved breeding programs for root rot resistance in cassava.
Abbreviations: A, Number of alleles; Ậ, mean number of allele; AR, allelic richness; CMD, cassava mosaic disease; DARwin, dis-similarity analysis representatives for windows; D ST , between class heterozygosity; Freq., frequency; FSTAT, F-statistics; F ST , (theta) fixation index, estimator for genetic differentiation; G ST , proportion of heterozygosity between class; He, heterozygosity; Ĥe, expected heterozydosity; H O , observed heterozygosity; H S , within class heterozygosity; H T, total heterozygosity; HS, highly susceptible; HZG, hybridizing group; IITA, international institute of tropical agriculture; MR, moderately resistant; MS, moderately susceptible; NR t R, number of rotten roots; NTSYS, numeric taxanomy system of statistics; P, polymorphic loci; R, resistant; Rootrot, root rot; S, susceptible; SAS, statistical analysis system; SSR, simple sequence repeat; Stdzdmean, standardized mean; TNR, total number of roots harvested; VHR, very highly resistant; VHS, very highly susceptible.
